Introduction
Germination is the first fundamental stage in the life cycle of a plant. By preparing for the subsequent stages of establishment, further growth and development, germination is fundamental for plant adaptation (Donohue et al. 2010 ). The range of conditions eliciting germination of a plant determines the breadth of its niche and geographic range (Donohue et al. 2010; Luna and Moreno 2010) . Among the factors which define the germination niche, temperature is of paramount importance, frequently regulating seed germination (Baskin and Baskin 1998; Probert 2000) . As one of several environmental cues, temperature (including seasonal temperatures integrated by the seed over time) also plays a major role inducing or releasing seed dormancy.
Investigating germination traits of individual species is crucial for a better understanding of their ecological requirements and also to develop effective conservation and restoration protocols.
Since major changes in the germination phenology and subsequent recruitment are expected under climate change scenarios (Mondoni et al. 2012; Hoyle et al. 2013; Fernández-Pascual et al. 2015) , the identification of thermal thresholds for seed dormancy breaking and germination are essential to assess whether a plant is able to cope with temperature regimes that are different and, in many cases, warmer than those it is currently exposed to. Despite the large number of publications characterizing germination niches of individual species or groups of species (e.g. Baskin and Baskin (1998) and references therein; Luna and Moreno (2010) ), the available information is often limited for most rare and threatened species, and specific to certain floras (Crawford et al. 2007; Godefroid et al. 2010) . The Secretariat of the Convention on Biological Diversity (2009) has even highlighted that ex situ conservation is often constrained by the absence and/or limited accessibility of data, tools and technologies. Where information is available, a causal relationship between the rarity and the germination niche of a plant species is not evident, although often a family trend is found. On the contrary, species-specific requirements for germination are prevalent, which is frequently attributed to the specific habitats in which those species occur (e.g. high mountain habitats, specific microclimates) (Herranz et al. 2002; Giménez-Benavides et al. 2005; Lorite et al. 2007; Luna and Moreno 2010) . Therefore, a thorough understanding of the germination ecology is critical to optimise conservation efforts, and to contribute to a better understanding of potential species responses to climate change.
Knowledge on the germination of rare and threatened species is of paramount importance for conservation practitioners, enabling them to produce plants and to increase the chance of establishment of self-sustaining populations (Merritt and Dixon 2011) .
The identification of optimum germination temperatures and dormancy types requires an appropriate experimental set-up and large seed numbers (but see Baskin and Baskin (2003) ), which imposes further constraints to the investigation of germination traits in rare and threatened species. However, when those species are targeted for ex situ conservation in seed banks, seed bank managers monitor the viability of stored seed collections by periodically removing samples for germination testing (Gosling 2003) . Ex situ conservation in seed banks is complementary to in situ conservation, and is effectively integrated with the protection of plants in their natural habitats and with the recovery plans of species and habitats (Offord et al. 2004; Merritt and Dixon 2011) . The increasing awareness of the effects of climate change on plant distributions and the evidence for range shifts in plant populations as a consequence of climate change (e.g. Mondoni et al. 2012 ) has also increased the value of seed banks to study and assist in the adaptation of species to environmental change (Walck and Dixon 2009).
Seed bank routine germination tests are designed to determine the maximum potential germination and the viability of the seed accession, and their results will only provide a good indication of seed viability if species specific optimum germination conditions and methods to overcome dormancy are known (Gosling 2003; Hay and Probert 2013) . Every year, seed banks perform hundreds or thousands of germination tests, therefore effective and practical germination protocols are required. The general principle of the tests is to incubate seeds under a single, standard (preferably optimal) set of environmental conditions, to achieve the quickest, most uniform and complete germination possible for the seed accession (Gosling 2003) . When there is no previous information on the germination requirements of a species, germination conditions and pre-treatments applied are usually based on information obtained from literature, and on experience gained in previous tests performed on related species. Given the common limitations in seed number when handling collections of rare plants, often only one germination pre-treatment is used, usually based on a 'best bet' approach (Crawford et al. 2007; Martyn et al. 2009 ).
Although routine germination tests in seed banks do not accommodate complex experimental design to analyse germination and the complex relationship between environmental factors, dormancy and germination traits, we argue that those tests can and should be used to provide information on germination requirements of species conserved when no other data are available. We propose that the data generated by those tests are a valuable source of information on the species' germination ecology. Using 12 taxa endemic to Portugal, our specific research aims were (1) to determine the effect of (a) incubation temperature and (b) pre-treatments upon germination and (2) consequently to assess whether those routine germination tests can be employed to identify major factors eliciting germination and releasing seeds from dormancy, and to contribute to the understanding of the germination ecology of those taxa.
Material and methods

Target taxa and seed collection
We used data from routine germination tests stored in the germination database of the A. 
Germination conditions and pre-treatments
Information on germination and presence of dormancy for those 12 selected taxa was surveyed in order to identify conditions for the initial germination tests. Published information on successful germination conditions was found for one species only (C. fernandesii (ICN 2007) ).
Therefore, type of dormancy, successful germination conditions and pre-treatments used for taxonomically related taxa sharing similar habitat and life histories were surveyed in existing seed bank databases (A.L. Belo Correia database, ENSCOBASE (2017) and Seed Information
Database (Liu et al. 2008) ), as well as in published literature on germination of Mediterranean species (Pérez-García et al. 1995; Escudero et al. 1997; Doussi and Thanos 2002; Copete et al. 2009 ). When information was available, temperature regimes and pre-treatments to overcome dormancy recommended were applied. For example, physical seed dormancy is common in Convolvulaceae and Fabaceae species (González-Melero et al. 1997; Baskin and Baskin 1998) , thus, a scarification pre-treatment was used for taxa belonging to those families.
The effects of temperature on final germination and mean germination time (MGT) were tested according to seed availability in each seed accession. Since seed numbers differed among taxa and seed accessions within taxa, the number of temperature regimes and pre-treatments tested was not consistent across taxa and seed accessions. A minimum of two and a maximum of four D r a f t incubation temperature regimes were tested (15°C, 20°C, and 25°C constant temperature, and 20/10°C alternate temperature (day/night)). Additionally, the effect of pre-treatments on final germination and MGT was tested for four taxa which exhibited low germination percentages in previous trials or that were likely to be dormant. Seeds were either untreated or pre-treated with one of the following dormancy breaking treatments, cold stratification (incubation on agar at 5°C
for 56 days prior to the germination test), and scarification. Scarification was applied using one of the following methods, chipping with a scalpel, abrasion of seeds between two sheets of sandpaper, and immersion in sulphuric acid (90% H 2 SO 4 ) for 30 minutes. A summary of test conditions and pre-treatments applied to each seed accession is presented in the Appendix A1.
A 100-seed lot was assigned to each temperature regime or temperature regime x pretreatment test, and divided into four replicates with 25 seeds each, using 9 cm diameter Petri dishes with 1% agar. Petri dishes were placed in germination incubators (Fitoclima S600 and S600PL, Aralab, Lisbon). All germination tests were conducted in light with a 12 hours photoperiod. Germination (defined as radicle emergence of approximately 1 mm) was recorded each day during the first week and afterwards every two or three days. The tests finished when no additional germination was observed for 2-4 weeks. We selected data corresponding to the minimum duration of the monitoring period of each taxon (see Appendix A1), thereby ensuring data comparability within taxon. At the end of the germination test, a cut test determined the number of empty seeds as well as the number of firm and healthy seeds that did not germinate (Gosling 2003) . Empty seeds were excluded from the analysis.
Data analysis
Percentage of germination was calculated as number of germinated seeds at the end of the test ⁄ (initial number of seeds-number of empty seeds) ×100 (Gosling 2003) . Mean germination time (MGT) was calculated as
where n is the number of seeds that germinate on day D counted from the start of the germination test (Ellis and Roberts 1980) . MGT was not calculated when germination percentage was lower than or equal to 5%.
Species-specific statistic models were performed depending on the number of fixed factors tested and number of levels within fixed factors. For example, models for taxa with only one seed accession and with no pre-treatment were performed including only temperature as a fixed factor. Taxa with more than one seed accession and with no pre-treatment were analysed setting temperature as fixed factor and seed accession as random factor. When a pre-treatment was applied, both temperature and pre-treatment were included in the model as fixed factors (for detailed information about number of accessions tested within taxa and number of levels of each factor see Appendix A1).
We applied generalised linear mixed effects models (GLMMs) using Laplace approximation and binomial errors (with logit link function) to seed germination data for taxa comprising more than one seed accession (R-package lme4, Bates et al. 2015) . The GLMMs contained temperature regime as explanatory variable and proportion of seeds germinated in each Petri dish as the response variable (coded as number of germinated seeds and number of plum seeds sown). To account for population differences in germination behaviour, seed accession was modelled as a random factor. Similarly, general linear mixed effects models (LMMs) were fitted using MGT as response variable and a normal error distribution, and temperature regime and seed accession as fixed and random factor, respectively. When only one seed accession was available for a specific taxon, general linear (GLMs) and linear (LMs) models were fitted to germination and MGT data, respectively, using the R-package nlme (Pinheiro et al. 2016) . Temperature or pretreatment, temperature, and the interaction term were used as fixed factors.
The effect of the fixed factors was evaluated by model selection and likelihood ratio. When overdispersion was detected, quasibinomial error distribution was used to fit the models.
Significant terms were identified using a stepwise addition to the null model, and χ 2 and F tests were used to evaluate if selected predictors explained a significant fraction of the deviance. Pvalues for the GLMMs were obtained using the parametric bootstrap method (R-package afex; Singmann et al. 2015) . Multiple comparisons were performed using Tukey contrasts (R-package multcomp; Hothorn et al. 2008) . All data were analysed in R version 3.2.3 (R Core Team 2015).
Results
D r a f t
Maximum germination percentage attained per taxa was higher than 95% for 9 of the 12 taxa (Figure 1 valvatus and P. pallens (Figure 2 ).
The temperature regimes tested affected the final germination of all taxa except J. crispa subsp. (Tables 2 and 3 The pre-treatments tested had a significant effect both on final germination and on MGT but significant interactions between temperature and pre-treatment were found in H. vicentina subsp. transtagana and O. hackelii (Table 3) germination of pre-treated seeds ranged between 51 and 64% while control seeds attained only 4% (Figure 1 ). In contrast, scarification with sand paper enhanced the germination of O. hackelii only at 20/10°C. Seeds of this species pre-treated with sulphuric acid did not germinate and were dead at the end of the test (data not shown).
serpentinica, P. pallens, S. semidentata and Saxifraga cintrana
Discussion
D r a f t
Routine seed bank germination tests proved useful for providing information on the germination ecology of the studied taxa. The use of such data when no other sources of information exist would underpin plant production for re-introduction programmes, and the design of more comprehensive studies for a thorough understanding of germination ecology of rare and threatened species. Publishing or making the results from routine germination tests available is a prerequisite for the use of data.
Notwithstanding the relatively low seed numbers that were used (compared to studies planned to test specific hypotheses in the scientific literature, (e.g. Thanos et al. 1995; Copete et al. 2009; Carta et al. 2013) , seed bank germination tests still evidenced major trends in optimum germination temperature and species-specific germination requirements. Our results indicate that optimal germination of most of the taxa analysed occurs at cool temperatures (15°C or alternate 20/10°C), as previously described for several Mediterranean species (e.g. Thanos et al. 1995; Escudero et al. 1997; Carta et al. 2013 Maximum germination at cool temperatures was the prevailing trend. Suppression or reduction of germination at high temperatures could prevent germination during Mediterranean summer months, when occasional rainfall may provide a transient period of conditions suitable for germination but uncertain for seedling establishment due to drought. This strategy associates germination with autumn temperatures and the onset of rainfall, when water availability ensures seedling establishment, and is widely described for Mediterranean species (Thanos et al. 1995; Escudero et al. 1997; Carta et al. 2013) . Indeed, even the taxa with a north-eastern distribution range (A. pintadasilvae, J. crispa subsp. serpentinica and S. semidentata) that experience the lowest winter temperatures (IPMA 2016) did not have germination requirements similar to temperate or mountain species, which often exhibit optimal germination at high temperature or require a cold stratification period for germination (Giménez-Benavides et al. 2005) . Although the timing of germination in nature is unknown for our taxa, and given the fact that the two 1997; Clemente et al. 2016) , and in Cistaceae (Thanos et al. 1992 ).
Whilst temperature regime and pre-treatments maximizing germination were identified for most taxa, the range of temperatures and pre-treatments tested was limited by the available seed numbers. Therefore, expanding the range of temperatures (e.g. from 5°C to 30°C; Thanos et al. 1995) , and identifying the type of dormancy and the ecological significance of high and low temperatures during germination and dormancy breaking, are required to fully analyse seed germination.
Population effects on germination characteristics were not assessed in this study since they were considered to be beyond the main objective. Nevertheless, it is worth remarking that taxa with more than three accessions (A. pintadasilvae, J. valvatus, I. procumbens subsp. We hope the presented study encourages seed bank managers to make their germination data widely accessible, and the scientific community to use such data as baseline information to design comprehensive studies on seed germination. Some constraints inherent to the germination procedures applied in seed banks (such as limited statistical power due to low sampling sizes or the absence of replicates), may preclude the publication of part of the data in peer-reviewed journals. Nevertheless, such data can still be made available e.g. in on-line reports or databases. Databases such as RBGK's Seed Information Database (Liu et al. 2008) or ENSCOBASE (2017) Taxonomic revisions and the use of different names by different seed bank managers for the same species are major constraints to data uniformization for accessibility, and a difficulty for users searching for information on a specific taxon. Many taxa have alternative names or are placed, depending on the taxonomic concept, into a different taxon, as seen for a few of our target taxa (Table 1 ). To allow cross-reference between different names and taxonomic concepts, seed bank managers should try to maintain a record of all names of an accession and a list of synonyms. Selecting a prevailing authority for all accepted names and synonyms (e.g., Euro+Med PlantBase (2017), The Plant List (2017)) would also produce a taxonomically consistent list of taxa. Users should be aware of this issue and remain cautious when searching seed bank databases for information on a specific taxon.
Conclusion
Routine seed bank germination tests provided valuable baseline information on the germination ecology of the studied taxa, which is a basis for more comprehensive scientific studies. Our results are also valuable to develop conservation protocols for rare and threatened species. In general, germination percentages were high and pre-treatments to break seed dormancy are 
